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ABSTRACT
Natural convective laminar flow is numerically investigated in a two-dimensional and square enclosure at various angles of 
inclination respect to horizontal. Two adjacent walls of the enclosure are insulated and the other two are kept at different 
temperatures. The influence of Rayleigh number representing the effects due to the differential heating of the enclosure walls 
as well as the effect of inclination angle on natural convection flow are studied. The flow field and isothermal lines show 
different patterns at high Rayleigh numbers. The average Nusselt number, maximum stream function and average 
temperature appear to be a little affected by the inclination angle at low Rayleigh numbers. However, as the Rayleigh 
numbers rises, these parameters behave differently at various inclination angles. In this study, the effects of inclination on the
temperature along the centerline of the enclosure and the local Nusselt number along the cold wall are also examined. The 
results show negligible effects of inclination angle at low Rayleigh numbers and considerable effects at high Rayleigh 
numbers.
1. INTRODUCTION 
In the past few decades, natural convection has been the 
interest of many researchers. Its application can be found in a 
broad area of different engineering and physical problems, 
such as solar collectors, double-panel windows, energy 
efficient buildings and cooling of electronic components. 
Various geometries of fluid-filled rectangular enclosures 
have been theoretically and experimentally modeled in order 
to look at the effects of some design parameters on the 
thermal performance of simulated systems. Batchelor [1] is 
one of the researchers who studied the heat transfer by 
natural convection across a closed cavity. In his analytical 
work, the cavity was assumed to have two vertical 
boundaries at different temperatures. Eckert and Carlson [2] 
carried out similar study by performing some experiments on 
natural convection. They studied air layers enclosed between 
two vertical plates at different temperatures. Davis [3] in his 
first study on natural convection used a rectangular cavity to 
perform his analysis. Other numerical studies on rectangular 
enclosures can also be pointed out such as works by Wilkes 
[4] and Newell and Schmidt [5]. In an extensive work, 
Ostrach [6] studied natural convection in enclosures. Davis 
[7] presented the application of finite element in numerical 
methods for investigating natural convection in rectangular 
cavities. Davis [8] also investigated natural convection of air 
in a square cavity using numerical methods. His work 
became the benchmark solution referred by other 
researchers.
The effects of internal heat generation source on the 
natural convection in enclosures were also addressed 
extensively in the literature. The existence of a heat source in 
the cavities simulates some real engineering problems such 
as electronic chips cooling or heat transfer in buildings 
having a heat source.  The experimental work by Turner and 
Flack [9] and Keyhani et al. [10] on the natural convection in 
rectangular enclosure equipped with energy sources was 
followed by the numerical investigation of Wang et al. [11]. 
Kawara et al. [12] and Fusegi et al. [13] also examined 
natural convection in enclosures with internal heat 
generation. Recently, some other researches focused on the 
effects of discrete protruding heaters located in cavities on 
the natural convection. In this regard, the study of Ju and 
Chen [14] can be mentioned. They used a rectangular 
enclosure having five discrete protruding heaters mounted on 
one vertical wall. Finite volume method was used to solve 
the governing equations over a range of Rayleigh numbers 
from 5u105 to 1u107. Their results showed a good 
agreement between the numerical simulation and 
experimental data for the flow pattern and temperature 
profile within the entire enclosure for various power inputs. 
Similar study was conducted by Heindel et al. [15] to 
numerically investigate the natural convection for protruding 
three heat sources mounted to one vertical wall of a 
rectangular cavity. In their investigation, two-dimensional 
steady-state heat transfer, laminar natural convection with no 
viscous dissipation was considered. The heat sources 
simulated an array of computer chips mounted on a substrate 
of finite thermal conductivity.  
The study of natural convection in square enclosures has 
also been extended to three-dimensional simulation. 
Wroblewski and Joshi [16] examined the effects of geometry 
and boundary conditions on the liquid immersion cooling of 
a substrate mounted protrusion in a three-dimensional 
enclosure. Some researchers such as Henkes and Hoogendori 
[17] and Papanicolaon and Jalurin [18] extended the study to 
the turbulent natural convection examination.    
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The effects of characteristics of the flow field in the 
square enclosures on laminar natural convection such as 
geometry and orientation have also grabbed the attention of 
researchers. For example, Arnold et al. [19] carried out an 
experimental investigation of natural convection in inclined 
rectangular regions of different aspect ratios. A decade later, 
Acharya and Goldstein [20] and Lee and Goldstein [21] 
examined the natural convection in inclined square 
enclosures. Lakhal et al. [22] simulated the natural 
convection in inclined rectangular enclosures with perfectly 
conducting fins attached on the heated wall. They examined 
the effects of some parameters governing the problem such 
as the Rayleigh number, the aspect ratio of the enclosure, 
and the inclination angle. They showed that the fins play a 
very important role in the heat transfer. The domination of 
conduction at low Rayleigh numbers was also indicated. 
Their results also showed different trends for flow and 
temperature fields when the enclosure was inclined. 
Numerical investigation by Raos [23] on laminar natural 
convection in inclined square enclosures successfully 
simulated the flow. A two-dimensional rectangular cavity 
with differentially heated sides and adiabatic horizontal walls 
were defined. The results showed orientations deviated from 
90 degrees respect to the horizontal axis (original 
orientation) adversely affect the convection process 
particularly if the angle reaches 180 degrees (enclosure 
rotation of 90q). This point was also highlighted by Rahman 
and Sharif [24]. They mentioned that in enclosures heated 
from the side, convection starts as soon as a very small 
temperature difference is imposed across the enclosure. 
However, in enclosures heated from below the imposed 
temperature difference must exceed a critical value before 
the first signs of motion are detected.  
Studies on the natural convection due to the external 
heating in inclined cavities basically concentrated on the 
square cavities with differentially heated opposite sidewalls. 
In real situations, this is not always the case. There is a need 
to look at the natural convection in inclined enclosures in 
which two adjacent walls are at different temperatures. This 
case is numerically simulated in the present work.  
2. PROBLEM DEFINITION 
Figure 1 shows a schematic diagram of the inclined 
square enclosure used in the analysis.  The height of the 
enclosure, H, is considered equal to the length of the 
enclosure, L (reference length). The inclination angle of the 
enclosure, I, varies from 0 to 90q in increments of 15q. Two 
adjacent walls of the enclosure are at different temperatures 
and the other two are insulated. In the original position 
(I=0), the left vertical wall has a high temperature, Th and 
the bottom wall has a low temperature, Tc. Thus, a laminar 
natural convection heat flow is generated in the enclosure 
due to the temperature difference of the walls. The geometry 
of the enclosure is defined and the orientation of the 
enclosure can be varied to examine its effects on the flow 
and temperature fields at different Rayleigh numbers.  
3. GOVERNING EQUATIONS 
The flow in the two-dimensional enclosure is assumed to 
be laminar, incompressible and steady. The flow is 
considered to be Newtonian with constant properties except 
density in buoyancy forces. Boussinesq approximation is 
used and the effects of viscous dissipation, internal heat 
generation and heat radiation are neglected. 
Figure 1: Schematic diagram of the inclined square enclosure
By using the mentioned assumptions, the governing 
equations in non-dimensional forms are as follows: 
Continuity equation:  
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Momentum equation in y direction 
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Energy equation: 
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In the above equations, dimensionless coordinates are 
L/xxˆ   and L/yyˆ  , dimensionless x and y components 
of velocity are Q /Luuˆ and , dimensionless 
pressure is 
Q /Lvvˆ
22 /LPPˆ UQ . )sinxcosy(gPP C IIU  is 
modified pressure and CU  is flow density at Temperature 
, dimensionless temperature is CT chc TT/TT  T ,
Rayleigh number is and
Prandtl number is 
DQE /))TT(Lg(Ra ch
3
DQ Pr . Here,E  is fluid thermal 
expansion coefficient P)T/ wU)(/1( wU E , Q  is fluid 
kinematic viscosity and D  is fluid thermal diffusivity. I is 
the angle of inclination counted counterclockwise from the 
horizontal.  is the local Nusselt number and defined as xNu
yˆ/Nu x wTw  Boundary conditions are 0vˆuˆ   for all 
the walls, 1 T  for the hot wall,  for the cold wall and 0 T
0xˆ  wTw  or 0yˆ  wTw for the insulated walls. 
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4. METHODOLOGY 
The control volume formulation described by Patankar 
[25] is used to discretize the dimensionless governing 
equations. The SIMPLE algorithm is used for the velocity-
pressure coupling. The solution is obtained by solving the 
governing equations simultaneously on a non-uniform square 
mesh. A Fortran program code is developed for this purpose. 
In order to select the appropriate mesh, the effect of number 
of grid points on the flow field parameters is examined. For 
example, for I=0 and Ra=105, the variation of maximum 
value of the stream function, \max appears to be negligible 
for grid sizes larger than 40u40. When the mesh is refined 
from 40u40 to 80u80 grid points, the maximum stream 
function changes by less than 1.2 percent. This suggests that 
to prevent excessive computation time, a grid size of 40u40
is adequate for the present analysis. To begin with, the 
present code is validated against benchmark numerical 
solution of Davis [8] for natural convection of air in a square 
cavity. Then, the code is used to examine the effects of 
inclination angle and Rayleigh number on the natural 
convection in the enclosure. 
5. RESULTS 
At different Rayleigh numbers of 103 to 108, the effects 
of various inclination angles of 0 to 90q with increments of 
15q on some of the characteristics of the flow and 
temperature fields within the enclosure are examined.  
Figure 2 presents some of the results related to the flow 
field in terms of streamline contours. At low Rayleigh 
numbers of 104, a unicellular recirculating flow pattern is 
observed at all inclinations and the nature of streamlines 
does not change significantly with inclination. At this low 
Rayleigh number, the circulation pattern in the cavity is very 
weak because the viscous forces are dominating over the 
buoyant forces. For the original orientation of the enclosure, 
I=0, as the Rayleigh number increases to 106, the buoyancy 
forces become stronger. The intensity of recirculating 
patterns increases and the cells find irregular shapes and the 
visible peak moves towards the corner of hot and cold walls. 
At this Rayleigh number (Ra=106), as the inclination 
increases, the intensity of the flow field increases and 
ultimately, at inclination of 90q, two peaks are observed in 
the flow field.
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Figure 2 : Flow fields at different Rayleigh numbers and inclination angles 
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At zero inclination angle (I=0), more irregularity is 
observed in the flow field at Rayleigh number of 108
compared to the case with Rayleigh number of 106 due to the 
stronger buoyancy forces. The peak of the streamline 
patterns moves much closer to the corner of the hot and cold 
walls and the streamlines concentrate near the hot and cold 
walls. Increasing the inclination angle from zero towards 90q
results in more irregularity in the flow field. As the 
inclination angles increases, the intensity of the streamline 
patterns increases and another peak forms near the top corner 
of the enclosure and finally, at I=90q, more than two peaks 
are observed in the flow field.
Figure 3 shows the isotherm patterns within the 
enclosure. For all different inclinations, the temperature lines 
tend to be parallel to the hot and cold walls and 
perpendicular to the insulated walls.  
At low Rayleigh number of 104, the temperature fronts 
penetrate from the hot wall deep inside the fluid body, as 
conduction is the main heat transfer mechanism in this case. 
At this Rayleigh number, the nature of streamlines does not 
change significantly with inclination. Increasing the 
Rayleigh number from 104 to 106, results in increasing the 
concentration of temperature lines near the cold wall. This is 
an indication of dominating the convection mode of the heat 
transfer over conduction. Thus, the portion of the enclosure 
being affected by the hot wall becomes larger. For the 
Rayleigh number of 106, inclining the enclosure causes the 
temperature lines to spread out in the enclosure. At zero 
inclination angle, by increasing the Rayleigh number to 108,
the temperature lines concentrates more near the cold wall, 
showing stronger buoyancy forces. At this Rayleigh number, 
as the inclination angle increases, as seen for the Rayleigh 
number of 106, the temperature lines are spread out in the 
enclosure.
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Figure 3: Temperature fields at different Rayleigh numbers and inclination angles 
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Figure 4 shows the variation of average Nusselt number 
with the inclination angle at different Rayleigh numbers. The 
average Nusselt number basically increases with the 
Rayleigh number at any particular inclination. This is due to 
the increase in the strength of buoyancy forces at higher 
Rayleigh numbers. At low Rayleigh numbers of 103 and 104,
the average Nusselt number does not seem to change 
significantly with the inclination angle This is because of the 
dominance of conduction. However, at high Rayleigh 
numbers, the average Nusselt number initially increases with 
the inclination angle up to 45q and then seems to decrease at 
higher inclination angles. This behavior is more evident at 
the Rayleigh numbers of 107 and 108.
The variation of maximum stream function,\max,
indicating the strength of the circulation of the flow in the 
enclosure, is presented in Figure 5. The general trend of \max
shows an increase with Rayleigh number at any value of 
inclination angle of the enclosure. At low Rayleigh numbers 
of 103 and 104, the maximum stream function remains very 
low and nearly constant with the inclination angle. At higher 
Rayleigh numbers, \max constantly increases with inclination 
angle. Indeed, by increasing the inclination angle, the hot 
wall moves down and thus the fluid near this wall becomes 
lighter and moves upward. Therefore, the buoyancy forces 
act more effectively. It is noticeable that at high Rayleigh 
number of 108, the trend of variation indicates that the flow 
starts to behave differently from a laminar style.  
The influence of inclination angle, I, on the average 
dimensionless temperature, Tm , at different Rayleigh 
numbers is indicated in Figure 6. At all different Rayleigh 
numbers, Tm initially increases up to its maximum and then 
starts to decrease as the enclosure inclines. By increasing the 
Rayleigh number, the maximum value of Tm occurs at lower 
inclination angles. The reduction of Tm with inclination angle 
seems to be more rapid at high Raleigh numbers. This can be 
explained based on the rise in the heat transfer rate with 
inclination angle at high Rayleigh numbers shown in Figure 
4.
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Figure 4: Average Nusselt number at different Rayleigh Figure 6: Average temperature at different Rayleigh 
numbers and inclination angles  numbers and inclination angles 
Figure 7-A and Figure 7-B show the variation of 
dimensionless temperature, T, along the centerline of the 
enclosure at 5.0yˆ   for the inclination angles of I=0 and 
I=90q respectively. At I=0, the general trend of the curves 
show that T decreases at first and then stays constant along 
the centerline of the enclosure. The amount of initial 
reduction turns out to be lesser as the Rayleigh number 
increases. For this zero inclination angle, T basically 
increases with Rayleigh number at any location along the 
centerline. When the square is rotated for 90q, the initial 
reduction in T seems to intensify as the Rayleigh number 
rises. At low Rayleigh number of 103, the reduction of T has 
a similar trend as seen for I=0. This is due to the existence of 
very weak convective flow.
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Figure 5: Maximum stream function at different Rayleigh 
numbers and inclination angles 
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Figure 7-A: Centerline temperature at different 
Rayleigh numbers (I=0)
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However, at higher Rayleigh numbers T starts to increase 
along the centerline after it reaches its minimum. At this 
orientation of the enclosure (I=90q), for low values of x ,
very close to the hot wall, T decreases with increasing the 
Rayleigh number. However, for high values of , far from 
the hot wall, T rises as the Rayleigh number increases from 
10
ˆ
xˆ
3 to 104. It then decreases at higher Rayleigh numbers. 
This can be explained based on the behavior of the flow 
patterns shown in Figure 2. As the enclosure rotates, the hot 
wall descends and stronger flow field forms in the enclosure.   
Figure 8-A and Figure 8-B show the variation of local 
Nusselt number along the cold wall, Nux, at different 
Rayleigh numbers for I=0 and I=90q respectively. At the 
inclination angle of I=0, Nux decreases sharply at first, and 
then remains constant along the cold wall. At the locations 
along the cold wall away from its intersection with the hot 
wall, Nux increases with Rayleigh number. For I=90q, the 
initial fast reduction in Nux is observed as seen in the case of 
I=0. However, Nux does not remain constant and starts to 
increase after it reaches its minimum along the cold wall. 
Local Nusselt number has higher values for larger Rayleigh 
numbers at any location on the cold wall away from the hot 
wall.
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6. CONCLUDING REMARKS 
The effect of inclination angle on the laminar natural 
convection in a square cavity at various Rayleigh numbers is 
studied. The results of flow and temperature fields show 
different behaviors at various inclination angles and 
Rayleigh numbers. At low Rayleigh numbers, the flow field 
does not show significant changes with the inclination angle. 
However, dissimilar fashions are observed at high Rayleigh 
numbers due to the strengthening in buoyancy forces. As the 
inclination angle increases, the intensity of the flow field 
remains unchanged at low Rayleigh numbers and increases at 
high Rayleigh numbers. The behavior of temperature lines at 
various inclination angles indicates similar contours at low 
Rayleigh numbers and distinct contours at high Rayleigh 
numbers. Basically, at all Rayleigh numbers, as the 
inclination angle rises the average temperature in the 
enclosure starts to increase until it reaches its maximum and 
then decreases. The rate of decrease is more appreciable at 
high Rayleigh numbers. Average Nusselt number shows to 
stay unchanged at low Rayleigh numbers. It, however, has a 
maximum at a certain inclination angle at high Rayleigh 
numbers. It clearly increases with Rayleigh number at all 
different inclinations. The variation of temperature along the 
centerline of the enclosure and the local Nusselt number 
along the cold wall with Rayleigh number show different 
trends at various inclination angles. 
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8. NOMENCLATURE 
g Acceleration of gravity, m/s2
H Height of the enclosure, m  
L Length of the enclosure, m  
Num Average Nusselt number 
NuX Nusselt number 
P Pressure, Pa  
P

 Dimensionless pressure 
P  Modified pressure, Pa 
Pr Prandtl number 
Ra Rayleigh number 
T Temperature, K 
Tc Cold wall temperature, K 
Th Hot wall temperature, K 
u  x component of velocity, m/s 
uˆ  Dimensionless x component of velocity 
v y component of velocity, m/s 
vˆ  Dimensionless y component of velocity 
x Distance on the horizontal axis, m 
xˆ  Dimensionless distance on the horizontal axis 
y Distance on the vertical axis, m  
yˆ  Dimensionless distance on the vertical axis 
D Thermal diffusivity, m2/s
E Thermal expansion coefficient, 1/K 
I Inclination angle, q
Q Kinematic viscosity, m2/s
T Dimensionless temperature 
Tm Average dimensionless temperature 
U Density, kg/m3
UC Density at Tc, kg/m3
\max Maximum stream function 
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